In this study, the thin-layer drying characteristics of Figs (Ficus carica) are investigated in a pilot scale forced convective dryer. Experiments carried out under various operating conditions including air temperature (40, 50, 60, 70°C), air velocity (0.65, 2.1, 3.45, 4.85 m/s) and air humidity (0.005, 0.010, 0.015 kg/kg) and the effects of these operating conditions on the drying kinetics and the drying time determined. The obtained kinetics data are fi tted into a conceptually developed model. The equilibrium moisture content of the dried fi gs is determined at different values of temperature and relative humidity of air. The values of effective moisture diffusivity (D eff ) are obtained from the Fick's second law and a temperature-dependent relation is proposed for this parameter.
INTRODUCTION
Proper drying techniques could reduce agricultural products losses. The main objective in drying of agricultural products is the moisture content reduction to a level that would prevent rotting and mildewing while allowing safe storage over an extended period. The introduction of new types of dryers in developing countries can reduce agricultural products' deterioration and improve the quality of the dried products signifi cantly when compared to the traditional methods of drying such as sun or shade drying 1 . A deep knowledge about the behavior of drying kinetics of particular product to be dried is useful for the optimization of the drying performance 2 . The kinetics of moisture transfer during the drying process depends on operational conditions such as temperature, humidity and velocity of the drying air 3 . Several researchers have investigated the infl uence of drying conditions on drying kinetics of various agricultural products in order to evaluate different models for describing the thin-layer drying features. Vagenas and Marinos-Kouris 4 examined the kinetics of apricots using factorial experimental design in order to evaluate the effect of air conditions and pretreatment on the drying time. They found moisture transfer was entirely controlled by external resistance in different air velocities. Kiraoudis et al. 5 studied the drying kinetics of apple, pear, kiwi and banana, and described a one-parameter empirical mass transfer model involving one drying constant as a function of process variables. Vega et al. 3 investigated the hot air drying process of Alovera. They proposed the best empirical model to describe Alovera drying process and evaluated the air temperature effect on the parameters of the selected kinetic model. Azzouz et al.
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evaluated the drying kinetics of grapes as a function of drying conditions. They determined the diffusion coeffi cients of two kinds of grapes. Kaya et al. 7 conducted research on the quince.
Many researchers have conducted studies on the drying process of various products like green pepper and onion 8 , maize 9 , mushroom
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, grape 11 and potato, carrot, pepper, garlic, mushroom, onion, leek, pea, corn, celery, pumpkin, tomato; while studies conducted on drying characteristics of fi gs are scarce and many of them emphasize only on the effect of air temperature on drying process. Figs are characterized by high sugar level (16%, fresh) and (48%, dried)
12 .
Figs have a great importance in nutrition since they are very important source of carbohydrates. They contain essential amino-acids and are rich in vitamins A, B 1 , B 2 , C and mineral 13 . Nowadays, by increasing the volume of the total production of fi gs in order to meet the market needs, it is dried artifi cially by mechanical drying systems by forced convection 2 . Xanthopolous et al.
14 evaluated the effective diffusion coeffi cient of fi gs. They considered shrinkage and compared the numerical and analytical solution of Fick's second law for unsteady state diffusion. Babalis et al.
2
used experimental data of drying fi gs in order to select the best model among several thin-layer drying models available in the related literature. Doymaz 13 investigated behavior of fi gs dried under sun and fi tted drying data to different mathematical models. Midilli et al.
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described a new empirical model for thin-layer drying process and also compared with other single-layer drying models. Most of these models are generally derived by simplifying the general series solutions of Fick's second law. Some of them ended in modifi ed and simplifi ed models fi t for temperature, relative humidity, air fl ow velocity and moisture content ranges for which they were developed 16 . The objective of this study is to evaluate the effect of the parameters involved in drying process like temperature, humidity and velocity of drying air on the drying kinetics of fi gs in a forced convection dryer. The two well-known parameters related to drying of fi gs including the effective diffusivity and the equilibrium moisture content are estimated in this study. Also the principle properties for the moisture removal phenomena are discussed. A conceptually defi ned kinetics model is proposed to predict the drying kinetics. The model's parameters are obtained based on the experimental data.
MATERIAL AND METHODS

Sample preparation
The sample used in this study is a species grown in southern regions of Iran (Estahban, Shiraz). Uniform fi gs were handpicked from a single orchard. The average initial moisture content was 3.010.38 kg/kg (dry basis) and the average geometric initial diameter was 0.034 m.
Figs were frozen at -10°C prior the air-drying to keep their initial moisture constant and uniform. Before beginning drying procedure, samples were incubated at room temperature until equilibrium is achieved.
Drying equipment
The schematic diagram of drying system is illustrated in Figure 1 . The system consists of a drying chamber, a centrifugal blower, and a heater. The inlet air was supplied by a centrifugal blower then heated by a set of variable-power electric heaters for temperature control. During the experiments, the ambient temperature, and inlet and outlet temperatures of the drying air in the drying chamber were recorded using a digital thermometer. The mass of samples was measured regularly using a digital balance (Sartarius AY-303) with ±0.001 g accuracy. The inlet air fl ow was measured using an anemometer (Testo 425) with ±0.01 m/s accuracy and its relative humidity was measured by Testo 625 with ±3% RH accuracy.
corresponding to each experiment are shown in Table 1 (also in Fig. 2) .
A humidifying system was used to control and regulate the humidity of inlet drying air. For this purpose, a bubble type humidifi er was used. The humidifi cation tower was a vertical tube including a perforated tube for air bubbling at its bottom and a variable-power immersed electrical heater. The level and temperature of water in the tower were controlled using a thermostat system. In the air humidifi er the inlet air temperature increased while it was usually saturated. The saturated air enters the air heater and its temperature increased to a desired value. By controlling the water temperature in the humidifi er tower, different values of inlet humidity for drying air could be obtained. 
Method of experiments
In each drying experiment, samples were uniformly put into a drying basket as a single layer. In order to determine the effect of various parameters and the equilibrium moisture content, two sets of experiments were conducted: a total of ten experiments designed to investigate the effect of temperature, humidity and velocity of drying air on drying kinetics, and a total of thirteen experiments designed to obtain the equilibrium moisture content curve of fi g samples at different relative humidities and air temperatures. The operating conditions
The procedure of experiments for determining the equilibrium moisture content of fi gs at a specifi c temperature and relative humidity of drying air are quite similar to those carried out for drying kinetic study. Initially, a certain amount of fi gs in thin-layer form were fully exposed to the drying air stream, with a given relative humidity and temperature. The sample weight was measured through drying time using a digital balance. Measurements continued until a constant sample weight was achieved. The value of the fi nal moisture content was reported as the equilibrium moisture content, corresponding to the drying air temperature and relative humidity. The experiments were carried out at four different temperatures.
where, T is in °C, U is in m/s, H is in kg vapor/kg dry air, and k 0 is in s -1 . The model parameters n, α, β, and γ are obtained through fi tting procedure.
RESULTS AND DISCUSSION
The equilibrium moisture content Figure 2 shows the variation of dimensionless equilibrium moisture content with relative humidity at air temperatures 40, 50, 60, and 70°C. In this fi gure, the equilibrium moisture content of fi gs decreases by an increase in air temperature and a decrease in air relative humidity. As it can be seen in this fi gure and based on the classifi cation of Brunauer et al.,
26 the behavior of sorption isotherm of fi gs is according to type I. In this case the water activity that affect directly the equilibrium relative humidity in air layer near the surface of solid increases by any increasing in moisture content of fi gs. Also the fi rst derivative of this plot increases with moisture content and the curves are convex upwards. This type of sorption isotherm is typically applicable in the process of fi lling the water monomolecular layer at the internal surface of a material
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. Figure 3 shows the variation of dimensionless moisture content with drying time at 40, 50, 60, 70°C. As seen, the exponential behavior of drying curves is evident. The drying time decreases by an increase in air temperature. The drying process continues up to the point where the equilibrium moisture content is reached. As seen in Figure 3 , there is no constant rate period occurred and all the drying process takes place in the falling rate period. These results are in agreement with the previous researcher's fi nding 2, 3, 16 .
Drying curves
MATHEMATICAL MODEL
Modeling the effective diffusivity coeffi cient
The drying of fi gs was found to occur in the falling rate period only; therefore, the internal moisture diffusion controls the drying process. The effective diffusivity coeffi cient (D eff ) of fi gs is estimated with the Fick's second law represented in Eq. (1): (1)
In the one dimensional spherical system, the solution of the above equation yields to the following equation 17 :
Eq. (2) is commonly used to estimate the effective diffusivity 11, 18, 19 . For long drying times (neglecting the higher order terms by setting n = 1), Eq. (2) is simplifi ed to the following linear equation 20 :
Here, the effective diffusivity is calculated by applying the method of slope 21 . In this method, ln(MR) is plotted versus time.
Drying kinetic
A commonly used model is represented here by an equation analogous to Newton's law of cooling 22 :
In Eq. (4) it is assumed that the moisture transport resistance is uniform all over the particle's surface. The drying rate is proportional to the difference between the moisture content of product being dried and the equilibrium moisture content at a given drying air condition. The drying constant (k 0 ), combining the effect of the drying conditions, is commonly used.
The drying data were fi tted into different mathematical models. The non-linear regression analysis revealed that the Wang-Singh 23 model results in the best predictions (R 2 > 0.999). The Wang-Singh model, shown in Eq. (5), is an empirical model derived from a direct correlation between average moisture content and drying time.
(5) However, this model does not give a clear view of the important processes occurring during drying process although it may describe the drying curve for the conditions of experiments (11) .
The initial moisture content of all runs was not the same. To normalize the moisture content, the experimental data was divided to initial moisture content. The drying rate is obtained as a function of time through differentiation of Eq. (5) as follows (1): (6) In Eq. (4) the drying constant, k 0 , depends on air and material properties 24 . The temperature, air velocity and humidity values dependence of the constant (k 0 are considered by the following power-law equation
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:
(7) Figure 4 shows the variation of dimensionless moisture content with drying time at four different values of air velocity including 0.65, 2.1, 3.45, and 4.8 m/s. Here, the temperature (50°C) and the absolute humidity (0.005 kg/ kg) are kept constant for all runs. As seen, the air velocity provides a slight effect on the drying rate. This is because the external resistance moisture transfer from the surface is less important in comparison with the internal resistance
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. The drying rate is mainly controlled by diffusion of moisture from inside of the products; hence, the effect of air velocity on the drying rate may be negligible. Figure 5 shows the variation of dimensionless moisture content with drying time for three different values of terms of time is linear. This result indicates that using the method of slope for estimating the effective diffusivity of moisture in fi gs is suffi ciently accurate. It should be reminded that some assumptions including no shrinkage of drying solid and no hardening of solid surface have been considered through developing this method.
In the operating condition range studied, the humidity and velocity of drying air has a negligible effect on the effective diffusivity coeffi cient in comparison with temperature since the diffusion phenomenon is internally controlled. Therefore, the effective diffusivity coeffi cient is considered as being dependent on the drying air temperature only. Here, the following equation is proposed:
(8) Where, T is in °C. The values of constants a, b, and c correlated are shown in Table 2. air humidity including 0.005, 0.01, and 0.015 kg/kg. It is found that at constant temperature and air velocity the drying time increases as the humidity of drying air increases; therefore, the drying rate decreases, because the moisture transfer driving force is reduced due to increase in the humidity of drying air. In the studied range of operating conditions, the absolute humidity provides a negligible effect on the drying rate in comparison with the temperature effect.
Effective diffusivity coeffi cient
By applying the method of slope derived from Eq. (3), ln(MR) is plotted versus time in Figure 6 and the values of effective diffusivity coeffi cient D eff are calculated. Here, various drying conditions are applied according to Table 1 . As can be seen in this fi gure the behavior of ln(MR) in The obtained values of effective diffusivity coeffi cient of fi gs using Eq. (8) along with the calculated relative error percent are reported in Table 1 . The relative error percent is calculated using the following equation: (9) Here, an average 5.3% error is calculated by Eq. (9) which is acceptable for the proposed model. The obtained values for effective diffusivity coeffi cient lie within the typical range of 10 -9 -10 -11 m 2 /s for food materials 2 . The proposed model predicts satisfactory the effective diffusivity coeffi cient. Therefore, considering the effective diffusivity as a function of temperature only yields to appropriate results. The effect of temperature on D eff is more signifi cant than the humidity and the velocity of drying air.
Kinetics model
In order to estimate the drying kinetics of fi gs during the drying process Eq. (10) is used:
Where, the solution results in:
Based on the above equation the values of k 0 are calculated by plotting ln(MR) versus time at various drying conditions. Since k 0 is a function of air temperature, air velocity, and air humidity according to Eq. (7), the constants n, α, β, and γ are obtained through fi tting procedure. The results are presented in Table 3 . As seen in this table, the effect of temperature on the drying rate constant is more signifi cant than that of the absolute humidity and the air velocity. (4) and (10) are not used in the present fi tting procedure. The corresponding drying rate data for these two experiments will be used to evaluate the accuracy of the drying rate model which is obtained through Eq. (10).
Figures 7-9 show the variation of experimental drying rate dM'/dt with the predicted values of nT
at different drying conditions. As seen, a good agreement between the experimental data and the model's prediction is revealed.
Two sets of experimental data (Run No. 4 and 10) which are not used from the fi tting process are applied here in order to examine the model accuracy. Figure 10 shows the comparison between dM'/dt and nT α U β H γ (M' -M' e ) for these two experimental set. According to this fi gure, the model well predicts the drying rate for the applied two sets of experimental data.
CONCLUSION
The drying rate of fi gs is found to be dependent on the operating conditions like temperature, air velocity and humidity while the effect of temperature on drying rate is more signifi cant than the two others A temperature-dependent equation is proposed to describe the effective diffusivity coeffi cient. This simple equation well predicts D eff with an average 5.3% error A conceptually defi ned kinetics model as a function of operational conditions is proposed to predict the drying rate of fi gs.
There is no constant drying rate period occurred during the drying of fi gs. The drying rate is controlled mainly by diffusion of moisture from inside of the products; hence, the effect of air velocity on the rate of drying can be neglected 
